Abstract
Introduction
Accurate corneal power measurement is essential for managing keratorefractive surgery [1, 2] , calculating intraocular lens (IOL) power [3] [4] [5] [6] [7] [8] , and fitting orthokeratology or customized contact lenses [9] [10] [11] . There are several types of devices that can be used for corneal power measurement, such as manual or automated keratometry (e.g., IOLMaster) [2, [12] [13] [14] , computerized videokeratography based on Placido-disk (e.g., Allegro Topolyzer) [15] , Slit-scan system (e.g., Orbscan) [16, 17] , Scheimpflug rotating camera system (e.g., Pentacam) [8, 15, 18, 19] and optical coherence tomography (e.g., RTVue100 Fourier-domain OCT) [5, 20, 21] . For all the devices, the corneal power can be calculated by the anterior corneal curvature in certain central corneal surface, the standard corneal refractive index (1.3375) and the refractive index of air (1.000) [22, 23] .
The Topcon KR-1W system includes 3 different technologies for analysis of the human eye: wavefront aberrometry based on the Hartmann-Shack principle, Placido-disk corneal topography, and standard auto-refraction [24] . The iTrace system (Tracey Technologies Corp., Houston, TX) uses the principle of ray tracing for obtaining the wavefront aberrations of the eye. In addition to ocular aberrometry, this device has an incorporated Placido-based topographic system that provides corneal topographic maps [25] . Several studies have reported the repeatability and reproducibility of aberrometry obtained by the 2 devices [24] [25] [26] [27] . To the best of our knowledge, there have been no reported studies that determined the agreement of corneal power measurements between these 2 devices and other instruments, such as IOLMaster or Allegro Topolyzer, which are widely used in clinical practice.
The purpose of this study was to prospectively assess the intraobserver repeatability and interobserver and intersession reproducibility of corneal power measurements obtained by Topcon KR-1W and iTrace, and then to estimate the agreement of the results obtained by Topcon KR-1W and iTrace with those obtained by IOLMaster and Topolyzer.
Hospital. All subjects provided written informed consent after the purpose of the study was explained to them in detail. All subjects could communicate well and cooperated with good fixation ability. Inclusion criteria were healthy subjects with a best corrected distance visual acuity equal to or better than 20/20 and an intraocular pressure of the range of 10 mmHg to 21 mmHg. The exclusion criteria were 1) history of ocular pathology, 2) history of corneal or intraocular trauma, 3) previous ocular surgery, 4) wearing soft contact lenses within 2 weeks or rigid contact lenses within 4 weeks; and 5) dry eye (with subjective dry eye symptoms, tear film break-up time shorter than 5 seconds). Each subject underwent ophthalmic examinations including auto-and manifest-refraction, slit-lamp examination, non-contact intraocular pressure, fundus examination and corneal power measurements with Topcon KR-1W, iTrace, Topolyzer and IOLMaster.
Instruments and Measurements Protocol
The Topcon KR-1W is an integrated Placido-disk topography and Hartmann-Shack wavefront system that also provides pupillometry, keratometry, and autorefraction in a single measurement [24] . The corneal topographer uses conventional Placido-disk technology to measure corneal curvature with within a range from 5.00 mm to 10.00 mm (in 0.01 mm steps) [25] . It contains 38 Placido rings and measures 13,680 data points, and the keratometry from the central zone of 3 mm diameter were obtained for the analysis. The iTrace uses the principle of ray tracing for wavefront aberration measurements combining Placido-disk based corneal topography [26, 28, 29] . It contains 26 Placido rings and measures 9,360 data points. The Allegro Topolyzer is Placido disk-based videokeratoscope that contains 22 rings and generates high-resolution data of the anterior corneal surface with 22,000 data points. Both iTrace and Allegro Topolyzer obtain keratometric data in three corneal zones: the central zone of 3 mm diameter, the paracentral zone of 5 mm diameter, and the peripheral zone of 7 mm diameter. In the present study, keratometry from the central zone of 3 mm diameter were obtained for the analysis. The IOLMaster is based on the principle of partial coherence interferometry and it measures corneal power by automated keratometry. It uses data from a hexagonal array of 6 points reflected off the anterior corneal surface at a diameter of approximately 2.5 mm, which depends on the corneal curvature.
With all of these devices, the anterior corneal curvature (R anterior ) in defined central zone is obtained. The standard keratometric index of 1.3375 and the refractive index of air are applied, and corneal power can be calculated using the formula below:
The repeatability, reproducibility, and agreements were assessed based on those adopted by the British Standards Institute and the International Organization for Standardization [30] . In the first session, observer 1 measured each subject using the 4 devices for the assessment of intraobserver repeatability, and 3 consecutive valid results were obtained for each device. Consequently, Observer 2 obtained 3 additional valid scans using Topcon KR-1W and iTrace for the assessment of interobserver reproducibility. In the second session, one week later Observer 1 obtained another 3 consecutive scans using Topcon KR-1W and iTrace for the assessment of intersession reproducibility, and it was executed at almost the same time as the first session. The sequence of the devices was randomly chosen. All measurements were performed at least 3 hours after waking between 10 am and 5 pm to minimize variations in the results. All the subjects were affirmed to have avoid substantial reading before the measurements [31] . The mean of the 3 scans in the first session obtained by observer 1 for each device was calculated for the assessment of agreement among the 4 devices.
Statistical Analysis
Statistical analyses were performed using SPSS software for Windows version 17 (SPSS Inc., Chicago, IL, U.S.) and MedCalc Statistical Software version 11.0 (MedCalc Software, Inc., Mariakerke, Belgium). A p value of less than 0.05 was considered to have statistical significance. The distribution of all the datasets were analyzed for normality using Kolmogorov-Smirnov tests. For each measurement, the steep keratometry (Ks), the flat keratometry (Kf), the mean keratometry (Km, average of Ks and Kf), and the axis of Ks and Kf were recorded. Corneal astigmatism was converted into a vector Jackson J0 and J45. Calculation were performed with the following formula [32, 33] :
where the cylinder was the corneal astigmatism magnitude, which was the difference between Ks and Kf, and the axis was the meridian of Ks. These values were calculated for 3 measurements in each session for repeatability, reproducibility and agreement assessment.
To determine the intraobserver repeatability of Topcon KR-1W and iTrace, within-subject standard deviation (Sw), test-retest repeatability (TRT), within-subject coefficient of variation (CoV), and intraclass correlation coefficient (ICC) were calculated for the 3 consecutive measurements obtained during the first session [34] . The test-retest repeatability was defined as 2.77Sw, which indicated the interval within which 95% of the differences between measurements are expected to lie. The CoV was calculated as the ratio of the Sw to the overall mean. A smaller CoV means that the repeatability was higher. It can compare data sets with different units. However, for the data that is near zero, the CoV is too sensitive to have usefulness. In the present study, because both J0 and J45 were close to zero, we didn't calculate the CoV for them [29, 35] . The ICCs evaluated the consistency for data sets of repeated measurements. If the ICC is closer to 1, the consistency is better. For the assessment of interobserver and intersession reproducibility, CoV, Sw, 2.77Sw and ICCs were also calculated. For the comparison of corneal power measurements obtained by different devices, repeated-measures analysis of variance (ANOVA) with Bonferroni correction was applied to identify pairs that had significant differences. Bland-Altman graphs were plotted to assess the agreement between devices. The 95% limits of agreement (LoA) were defined as ±1.96 standard deviation. A narrower 95% LoA meant better agreement between measurements.
Results

Repeatability and Reproducibility of Corneal Power Measurements
Obtained by Topcon KR-1W Table 1 shows the CoV, Sw, 2.77Sw and ICCs for Ks, Kf, Km, J0 and J45 for the three consecutive measurements by 2 observers. The CoV values for Ks, Kf and Km were not greater than 0.34%, and the ICCs of Ks, Kf and Km were greater than 0.99. However, the ICCs of vectors J0 and J45 were not greater than 0.374. Therefore, Topcon KR-1W had high intraobserver repeatability in measuring Ks, Kf and Km, except for J0 and J45. Table 2 shows 
Obtained by iTrace Table 4 shows the CoV, Sw, 2.77Sw and ICCs for Ks, Kf, Km, J0 and J45 for the three continuous measurements by 2 observers. The CoV values of Ks, Kf and Km were not greater than 0.50%; the ICCs were above 0.99; and the Sw and 2.77Sw were within 0.26 D and 0.70 D. The ICCs of J0 and J45 were not greater than 0.12. The Ks, Kf snd Km obtained by iTrace performed good repeatability, but J0 and J45 didn't. Table 5 shows Table 6 shows the CoV, Sw, 2.77Sw and ICCs for Ks, Kf, Km, J0 and J45 for the assessment of intersession reproducibility. The CoV values were no more than 0.36%. The ICCs of Ks, Kf 
Discussion
There are several Placido-disk based corneal topographers that can be commercially obtained for the application of clinical routines. To the best of our knowledge, no study has comprehensively assessed the intraobserver repeatability and interobserver and intersession reproducibility of corneal power measurements obtained by the 2 Placido-disk based corneal topographers: i.e., Topcon KR-1W and iTrace. In the present study, we evaluated the intraobserver repeatability and interobserver and intersession reproducibility, and agreement in measurements of corneal power and astigmatism by Topcon KR-1W and iTrace, and we then compared the results with those obtained by Topolyzer and IOLMaster. Our data showed good intraobserver repeatability and interobserver and intersession reproducibility of corneal power measurements (i.e., Ks, Kf and Km) obtained by Topcon KR-1W and iTrace, with low Sw (no more than 0.26 D), low CoV (no more than 0.44%), and high ICC values (all above 0.99%). In contrast, the intraobserver repeatability and interobserver and intersession reproducibility of corneal astigmatism measurements (i.e., J0 and J45) obtained by Topcon KR-1W and iTrace were poor with low ICC values (no more than 0.45). This suggested that corneal astigmatism measurements obtained by Topcon KR-1W and iTrace should be viewed with caution in clinical applications because of the poor repeatability and reproducibility of J0 and J45. In the present study, for the intraobserver repeatability assessment of Ks, Kf and Km, the CoV, 2.77Sw and ICCs of Topcon KR-1W were within 0.19% to 0.34%, 0.40 D to 0.68 D, and 0.993 to 0.997 (Table 1) , respectively, compared with those of iTrace which were within 0.32% to 0.50%, 0.49 D to 0.70 D, and 0.991 to 0.996 (Table 4) , respectively. For the interobserver reproducibility assessment of Ks, Kf and Km, the CoV values were within 0.20% to 0.22% (Table 2 ), compared to those within 0.23% to 0.30% (Table 5 ). For the intersession reproducibility assessment of Ks, Kf and Km, the CoV and 2.77Sw values of Topcon KR-1W were within 0.16% to 0.19%, and 0.21 D to 0.26 D (Table 3) , respectively, compared with those of iTrace which were within 0.30% to 0.36%, and 0.47 D to 0.53 D (Table 6 ), respectively. We concluded that Topcon KR-1W had better repeatability and reproducibility than iTrace for Ks, Kf and Km measurements.
There have been several studies that assessed the repeatability and reproducibility of corneal power measurements obtained by Placido-disc based corneal topographers, and in only a few cases had the repeatability and reproducibility of corneal astigmatism measurements been assessed by means of vector analysis. Mao et al. [36] evaluated the Placido-disk based corneal topographer Keratogragh 4, which had excellent intraobserver repeatability and interobserver and intersession reproducibility. The CoV of all K values were less than 0.3%, and the Sw and 2.77Sw of all parameters were no more than 0.17 D and 0.25 D, respectively, and the ICCs were no more than 0.97. In Huang et al.'s study [35] , the intraobserver repeatability and interobserver and intersession reproducibility of all measured parameters showed a CoV of less than 0.24%, a 2.77Sw of 0.29 D or less, and an ICC of more than 0.906. Wang et al. [29] evaluated corneal power measurements from eight devices and found good intraobserver repeatability and interobserver and intersession reproducibility with Medmont E300 (with 32 Placido rings and measuring 9,600 points for every scan), EyeSys Vista (with 26 Placido rings and measuring 9,360 points for every scan) and Allegro Topolyzer. For Medmont E300, the CoV values and 2.77Sw were less than 0.18% and 0.23D, respectively, and ICCs were above 0.997. For EyeSys Vista, the CoV, 2.77Sw and ICCs were less than 0.30%, less than 0.36 D, and above 0.989, respectively. For Allegro Topolyzer, the CoV, 2.77Sw and ICCs were less than 0.29%, less than 0.35 D and above 0.993, respectively. In the present study, the intraobserver repeatability and interobserver and intersession reproducibility of Ks, Kf and Km were relatively comparable to those in the studies mentioned above, but the results of J0 and J45 were not.
In the present study, we compared corneal power measurements obtained by the 4 devices, except for vector J0 and J45 because of their poor repeatability and reproducibility. We found that, for Ks measurements, the results from IOLMaster and Topolyzer were comparable, then those from Topcon KR-1W followed, and those from iTrace was the smallest (Tables 7-11 ). For Kf and Km measurements, IOLMaster obtained the largest results, then Topolyzer followed, Topcon KR-1W was the third, and then iTrace obtained the smallest results (all p<0.05, Tables 7-11 ). This is in accord with former findings. In previous studies, the repeatability and reproducibility of corneal power measurements obtained by IOLMaster were excellent [29, 37, 38] , and it was found that IOLMaster had a little steeper corneal power than Placido disc corneal topography and Scheimpflug camera system [29, 37, 39, 40] . In Wang et al.'s study, the Ks, Kf and Km obtained by IOLMaster were approximately 0.12 D, 0.07 D and 0.10 D higher than those obtained by Topolyzer and Pentacam Scheimpflug camera system, respectively. In our study, the Ks, Kf and Km differences between IOLMaster and Topolyzer were 0.10 D. As is known, the anterior cornea is an aspheric surface in normal eyes, which means that more central corneal zones have steeper corneal power readings [41] [42] [43] . IOLMaster takes measurements [35, 36] .
There were several limitations in the present study. First, our study was limited to healthy subjects with normal cornea and good cooperation. The subjects with corneal refractive surgery, keratoconus or other irregular corneas were excluded. Therefore, further studies may require assessment of the performance of Topcon KR-1W and iTrace in corneal power measurements of irregular and postoperative corneas. Second, increasing number of corneal topographers have been applied for corneal power measurements in the clinic: for example, Pentacam Scheimpflug camera system and Fourier-domain OCT. More studies should be carried out to assess the agreement between them.
In conclusion, the Ks, Kf and Km obtained by Topcon KR-1W and iTrace showed excellent intraobserver repeatability and interobserver and intersession reproducibility in normal eyes. The agreement between Topcon KR-1W and Topolyzer, Topcon KR-1W and IOLMaster, iTrace and Topolyzer, iTrace and IOLMaster, Topcon KR-1W and iTrace were not as good, and they should not interchangeable in clinical application. Given that the intraobserver repeatability and interobserver and intersession reproducibility of corneal astigmatism measurements obtained by Topcon KR-1W and iTrace were poor in the present study, cautions should be maintained regarding the applications of Topcon KR-1W and iTrace for the preparation of toric lens implantations.
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